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GROUND-WATER HYDROLOGY OF THE TOPPENISH CREEK BASIN,
YAKIMA INDIAN RESERVATION, WASHINGTON

By James A. Skrivan

ABSTRACT

A finite-difference ground-water flow model has been calibrated for the
aquifer system in the Toppenish Creek basin, south-central Washington. The
aquifer system consists of four units: (1) unconfined young valley fill; (2)
confined old valley fill and shallow basalt; (3) primary basalt; and (4) deep
basalt. The model simulated flow in units 2, 3, and 4. 1In the eastern part
of the basin, unit 1 was treated as having  nastant water levels with time,
but vertical leakage was simulated between units 1 and 2.

Calibrated transmissivities for the three modeled units ranged from less
than 0.01 to 0.48 square foot per second in the center of the basin.
Calibrated storage coefficients in the same area were 0.0004 to 0.006;10The
leakance 6 the confining beds between aquifers ranged from 0.05 x 10 to

2.5 x 107~ feet per second per foot.

Steady-state calibration was based on 1954 conditions, when pumping from
unit 3 was less than 500 acre-feet per year. Under steady-state conditions,
natural recharge was about 29,000 acre-feet per year from infiltration of
precipitation in the western part of the basin and approximately 4,400 acre-
feet per year of underflow from adjacent basins. Discharge under steady-state
conditions was by means of underflow out of the basin to the east.

Transient-state calibration was based on the period 1955 to 1972, during
which time pumping increased about tenfold in unit 3. The 1971 to 1972
average annual pumpage was about 4,500 and 15,100 acre-feet from units 2 and 3
respectively. The increased pumpage rates, when used in the model, caused
simulated declines in unit 3, in the middle of the basin, of as much as 60
feet from 1960 to 1970.

Projected declines, using the 1971 to 1972 average annual pumpage, were
computed for the periods 1973 to 1977 and 1978 to 1982. The calculated annual
drawdowns from 1973 to 1977 were 0.5 to 1.5 feet in unit 2 and 0.2 to 1.5 feet
in unit 3 in the central part of the basin. The corresponding annual declines
from 1978 to 1982 in the middle of the basin were 0.2 to 1.2 feet and 0.2 to
0.8 feet in units 2 and 3, respectively.

Using 1971 to 1972 average annual pumpage plus an additional 12,400 acre-
feet per year from unit 3, from 1978 through 1982, the calculated annual
decline during that period was 1 to 6 feet In unit 2 and 4 to 20 feet in
unit 3.



INTRODUCTION

The Toppenish Creek basin is on the eastern| slope of the Cascade Range in
south-central Washington (fig. 1). Located entirely in Yakima County and
having a drainage area of 627 syuare miles, the basin is the northernmost of
three major river basins in the Yakima Indian Reservation; the other two are
the Satus Creek basin to the south and the Klickitat River basin to the
southwest. The altitude of the Toppenish Creek basin ranges from 5,100 feet
in the mountains on the western drainage divide to about 750 feet on the
eastern valley floor. Ahtanum and Toppenish Ridges form the basin’s northern
and southern boundaries, respectively. These ridges rise from the sagebrush
plains and foothills to altitudes of 2,000 to 2,500 feet in the eastern half
of the basin.

Irrigated agriculture is the major industry |in the Toppenish Creek basin;
approximately 120,000 acres are under cultivati--| (Gregg and Laird, 1975).
About 650,000 acre-feet of water are diverted annually from the Yakima River
to supply water for most areas in the basin below the altitude of the Highline
Canal (fig. 1).

Whereas higher land altitudes limit the use lof diverted surface water
without pumping stations, water for irrigation west and north of the Highline
Canal is being pumped from the underlying basalt laquifers. Development of
these aquifers has resulted in water-level declines greater than 75 feet in
some sreas since the 1950’s. These declines have caused concern to the Yakima
Indians regarding not only the possibility of depleting the basalt aquifers
but also of lowering water levels in overlying aquifers.

Recognizing the need to evaluate various gro
alternatives, the Yakima Tribal Council entered i
with the U.S. Geological Survey to simulate the e
ground-water system in the Toppenish Creek basin.
calibration of a model designed primarily to be u
development and management of the lower confined
report (Bolke and Skrivan, 1981) describes the de
model of the uppermost alluvial aquifer and its 1
streams, canals, and drains in the basin.

nd-water management

to a cooperative agreement
fects of stresses on the
This report documents the
ed In the further

quifers. An additional
elopment of a more detailed
terconnection with the

Purpose and Scope

The purpose of this study was to (1) describe the hydrology of the
aquifer system in the Toppenish Creek basin; and (2) construct a digital-
computer model of the aquifer system to evaluate ground-water management
alternatives.

The scope of the study was to (1) incorporate hydraulic parameters
describing three aquifer units in a digital model|to simulate flow within and
between units; (2) calibrate the model; (3) determine water levels as a result
of hypothetical stresses in two of the units; and|(4) prepare a report which
describes the resulting model and the effects of the stresses.






































































The latest pumping rates used in the model were taken as the average
annual rate for 1971 and 1972, about 4,500 acre-feet from unit 2 and 15,100
acre-feet from unit 3. This pumpage distribution is given in figure 9.
Estimates of these rates were obtained from power-consumption records. (See
Luzier and Burt, 1974, for the method of calculation.)

Annual irrigation pumpages from 1955 through 1970 have been calculated
for the use in the model by using the 1971 to 1972 average annual pumpage from
unit 3 and the annual basalt pumpages from 1955 to 1970 (U.S. Geological
Survey, 1975, fig. 26). This technique, which was necessary because of lack
of data to define yearly pumping distributions, scales each 1971-to-1972
average annual irrigation-pumping-node rate by the ratio of total basalt
pumpage in any year from 1955 to 1970 (U.S. Geological Survey, 1975, fig. 26)
to 15,100 acre-feet to get the nodal rate in a particular year. For example,
since 1,360 acre-feet were pumped from the basalt in 1955 (or 9 percent of the
1971 to 1972 average), 9 percent was the factor to scale individual
irrigation-pumping nodes for 1955. The municipal pumping-node rates,
totalling 3,700 acre-feet per year for 1971 and 1972, were not affected by
this factor. However, 1955 municipal rates were reduced to 75 percent of
1971-t0-1972 rates, with smaller reductions in the ensuing years.

One simplification used in the model was to have uniform pumping rates
for the entire year, with rates changing yearly from 1955 to 1972, instead of
an on-and-off pumping season. This simplification is in accord with removing
the temporal distribution of vertical recharge from land surface to unit 2,
which was discussed previously.

Calibration

Calibration of a ground-water flow model is the trial-and-error process
of adjusting initial estimates of aquifer parameters to obtain a better match
of measured and calculated heads. The parameter adjustments are kept within
reasonable limits, based on rational hydrologic and geologic reasoning. The
closeness of the resulting match is affected by the complexity of the real

system, the accuracy of the input data, and time and budgetary constraints on
the study.

In order to better understand the aquifer system and to hasten the
calibration process, the present study included both an iterative steady-state
analysis and a transient-state analysis. In general, transmissivities and
leakance terms were varied in the steady-state phase of calibration. These
parameters and resulting steady-state heads were then used in the transient-
state phase. Storage coefficients were varied in the transient-state phase to
obtain a reasonable match of historic and computed water levels. Often,
changes in storage coefficients were not sufficient for this transient-state
match. In such cases, the calibration procedure required repeating the
steady-state analysis and then the transient analysis to obtain the desired
match of measured and computed heads.
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Steady-State Analysis

A steady-state condition of an aquifer system is one in which heads do
not change with time. Such a state is rarely found in nature because of
dynamic changes in hydrologic factors which directly affect heads. For
example, precipitation recharging an aquifer is uniform in neither space nor
time. However, if heads are cyclical, returning to nearly the same level each
year, then the aquifer approximates a steady-state condition. As previously
discussed, unit 1 exhibits such cyclic fluctuations.

No water-level data are available before 1955, when significant pumping
began from unit 3. However, there is indirect evidence of water-level rises
due to irrigation with imported water, which began in the early 1900's (U.S.
Geological Survey, 1975, p. 40). Consequently, it is assumed that before
1955, water levels in units 2, 3, and 4 also were cyclic, reaching
approximately the same level each year. Thus, the calibration period for the
steady-state analysis was chosen as 1954, when levels in all units were
assumed cyclical, and before the beginning of significant pumping from unit 3.

There are no storage-coefficient terms in equation 2 for steady-state
conditions because there is no change in head with time, or, equivalently,

Shi

5t

=0 for i=2, 3, and 4. (5)

Thus, the only aquifer parameters that needed to be adjusted to calibrate the
model to steady-state conditions were transmissivity and leakance.

The 1954 potentiometric surface as a result of steady-state calibration
is shown in figure 10. Because there are no water-level measurements
available prior to 1955, hydrographs in figure 26 of U.S. Geological Survey
(1975) were extrapolated back to 1954 and then used in a generalized fashion
in the steady-state calibration.

The water budget as a result of the steady-state analysis for 1954 was
used both for calibration and as a check on the validity of the model. For a
proper steady-state solution, inflow must equal outflow for each unit. The
magnitudes and signs of the budget items for each unit were also used, in
conjunction with a conceptual model of the aquifer system as supported by
previous studies. (For example, see fig. 32, U.S. Geological Survey, 1975.)

Table 2 gives the water budget for units 2, 3, and 4, based on the 1954
head distribution as a result of steady-state calibration. Because unit 1 is
not included, the budget for the entire aquifer system is not shown.
Disregarding unit 1, inflow is primarily from vertical recharge to unit 2,
with some lateral underflow into units 2 and 3 from adjacent areas in the west
and north. Outflow is by lateral underflow to the east from all three units.
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Transient Analysis

The transient state of an aquifer is a condition of changing heads with
time. In this case, storage coefficients are present in equation 2 for each
unit and are the primary aquifer parameters varied during calibration. The
period of calibration was January 1955 through December 1972; 1972 was chosen
as the ending year because that was the most recent year that water levels
were collected over the entire basin.

The primary historical data used in the transient-state calibration were
the head declines in unit 3 from 1960 to 1970 (U.S. Geological Survey, 1975,
fig. 25). 1In addition, five hydrographs of water-level measurements in units
2 and 3 were used for matching computed hydrographs during the calibratiom.

The transient-state analysis used the heads simulated in the steady-state
analysis (fig. 10) as the initial heads in 1955. Then the model was run for
the transient-state calibration period, using estimates of the historical
pumpage. The December 1972 heads as a result of the transient-state
calibration process are shown in figure 11.

A comparison of measured and calculated 1960-to0-1970 declines in unit 3
was one check of the model calibration. As shown in figure 12, the patterns
and magnitudes of measured and computed declines are similar. However, the
maximum calculated declines of about 60 feet were 10 to 15 feet less than the
corresponding measured declines. This discrepancy may be partly explained by
the fact that the computed head is for the entire element and, as such, would
underestimate the localized effect of a small pumping depression. (For
example, see Luzier and Skrivan, 1975, p. 27.) 1In areal comparison, the
calculated 1960-to0-1970 declines in unit 3 have a broader extent than
indicated by the measured declines. This discrepancy is due partly to
insufficient data to define more accurate contours in figure 25, U.S.
Geological Survey (1975). 1In addition, those comparisons are affected by the
accuracy of pumping rates and distributions of T, S, and leakage.

Comparisons of measured and computed drawdowns for the transient-state
calibration are given in figures 13 through 15. Nodes nearest the particular
wells were those selected for comparison; the locations of these nodes are
shown in figure 11. As stated on pages 27 and 28 of Luzier and Skrivan
(1975), computed pumping levels cannot accurately duplicate measured pumping
levels, but recovery levels after a pumping season should match computed
levels.

The calculated water budget for 1972 is given in table 3. A comparison
of tables 2 and 3 points out the effects of pumping from units 2 and 3. This
pumpage has increased downward leakage from unit 1 to unit 2, and from unit 2
to unit 3, the leakages during 1972 being 4,700 acre-feet and 23,750 acre-
feet, respectively. The pumping stress has also caused depletion of ground
water in storage: 1,850 acre-feet in unit 2; 1,400 acre-feet in unit 3; and
350 acre-feet in unit 4 in 1972,

29
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FIGURE 13.--Comparison of measured and computed drawdown at node (10,9,2).
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FIGURE 15.--Comparison of measured and computed drawdown at nodes (3,10,3)
and (10,9,3).

TABLE 3.--Water budget for units 2, 3, and 4 for 1972

(acre-feet per year)

Item Unit 2 Unit 3 Unit 4
Inflow
Vertical recharge 28,900 @ ----- e---n
Lateral underflow 2,800 1,600  -----
Leakage from overlying unit 4,700 23,750 3,650
TOTAL 36,400 25,350 3,650
Outflow
Lateral underflow 10,000 8,000 4,000
Leakage to underlying unit 23,750 3,650 @ -----
Pumpage 4,500 15,100  -----
TOTAL 38,250 26,750 4,000
Change in storage -1,850 -1,400 -350
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The effect of pumpage from 1955 to 1972 is
calculated annual vertical leakage between unit
increase in pumpage, mainly from unit 3, corres
downward leakage from units 1 to 2 and from uni
head differences between units 1 and 2 and unit
vertical leakage from units 3 to 4 has graduall
head differences between units 3 and 4.

Leakage from unit 1 to unit 2 over the tra
captured water in comparison to the steady-stat
from unit 2 to unit 1 was 11,300 acre-feet per
figure 16, this leakage upward had decreased fr

also reflected in the
(fig. 16). The general
onds to an increase in
s 2 to 3 because of larger
2 and 3. On the other hand,
decreased because of smaller

sient period represents

period where vertical leakage
ear (table 2). As shown in
m 1955 through 1966 and, in

fact, reverses direction, going from unit 1 to unit 2 from 1967 through 1972.

The depletion of ground water in storage during the transient period
(fig. 17) is also a result of pumpage. However, in general the magnitudes of

annual depletion are smaller than those of annu
indicates a higher annual depletion in unit 3 th
1969. However, a reduction in pumpage from 1970
Geological Survey, 1975) caused a much greater 1
in unit 3 as compared with units 2 and 4. Conse
depletion of ground-water storage from 1970 thra
than in unit 3.

W

1 vertical leakage. Figure 17
an unit 2 from 1955 through
through 1972 (fig. 26, U.S.
eduction in annual depletion
quently, the calculated annual
ugh 1972 was greater in unit 2
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PROJECTED HEAD DECLINES, 197

An important use of the calibrated model of
aquifer system is to predict future water levels
Potential ground-wat

proposed pumping patterns.
irrigated areas can be evaluated, for example.

assumed to be reasonably reliable if present hyd

into the future.

Two projections of head declines from 1973

3 TO 1982

the Toppenish Creek basin
as a result of existing or
er development in non-

Such predictions can be
rologic conditions persist

through 1982 were made, using

the aquifer parameters obtained from the calibration process and the computed

December 1972 potentiometric surface as initial

projection used 1971-to-1972 average annual pump
and the second projection increased that pumpage

beginning in 1978.

conditions. The first
ge, about 19,600 acre-feet,
by 12,400 acre-feet per year

Projection with 1971-to0-1972 AveragF Annual Pumpage

The projection of heads from 1973 through 1982, using 1971-to-1972

average annual pumpage, assumes no increase in p
to-1972 to the present (1978) and no predicted if
are indications that the first assumption is val

1977). The 1971-to-1972 average annual pumpage

umpage from the period 1971-
ncrease through 1982. There
id (J. Allsop, oral commun.,
consists of the amounts shown

in table 3; about 4,500 acre-feet from unit 2 and 15, 100 acre-feet from

unit 3.

The projected head declines from January 19
from January 1978 through December 1982 are give!
The calculated average annual rat
part of the basin from 1973 through 1977 is abou
The correspond

respectively.

and 0.2 to 1.5 feet from unit 3.
1982 are 0.1 to 1.2 feet from unit 2 and 0.2 to
central part of the basin.

corresponding rates in 1972 (table 3). However,

downward from unit 1 to unit 2 in 1982 is greate

1972.

Hydrographs of project drawdown from 1973 ti
using the 1971-to-1972 average annual pumpage ar
hydrographs reflect a reduced rate of decline in

the earlier years.

36

The calculated water
for 1982 (table 4) shows smaller change-in-stora

73 through December 1977 and
n in figures 18 and 19,

e of decline in the middle

t 0.1 to 1.0 foot from unit 2
ing values from 1978 through
0.8 foot from unit 3 in the
budget for units 2, 3, and 4
ge rates compared to the

the calculated leakage

r than that calculated for

hrough 1982 of selected nodes
e given in figure 20. These
the later years compared to
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FIGURE 18.--Projected head decline from 1973 through 1977 in units 2, 3, and 4,
using 1971-72 average annual pumpage.
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FIGURE 19.--Projected head decline from 1978 through 1982 in units 2, 3, and 4,
using 1971-72 average annual pumpage.
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TABLE 4.--Projected water budget for units 2, 3, and 4 for 1982,
using 1971 to 1972 average annual pumpage

(acre-feet per year)

Item Unit 2 Unit 3 Unit &
Inflow
Vertical recharge 28,900 @ -----  e----
Lateral underflow 2,800 1,600  -----
Leakage from overlying unit 6,750 25,050 3,900
TOTAL 38,450 26,650 3,900
Outflow

Lateral underflow 10,000 8,000 4,000
Leakage to underlying unit 25,0590 3,900  -----
Pumpage 4,500 15,100 = -----
TOTAL 39,550 27,000 4,000
Change in storage -1,100 -350 -100

0 T T T T T T T | T

(10,9,2)

] (5,8,3) .
I
= (10,9,3)
£
8 (8;452)
=
3 .

10 (3,10,3) -

.See figure 11 for location of specified node.
15 L 1

| | i 1 1 ] !
1973 1974 1975 1976 1977 1978 1979 1980 1981 1982

FIGURE 20.--Projected drawdown from 1973 through 1982 at selected nodes,
using 1971-72 average annual pumpage.
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Plus 12,300 Acre-feet Per Year fromAl978 Through 1982

Another static-head projection was made using annual pumpage of 1971-to-
1972 plus 12,400 acre-feet of new annual pumpage from unit 3 for the period
January 1978 through December 1982. The increase in pumpage in unit 3 is
about 80 percent, thus representing significant additional stress. The areal
distribution of pumping chosen for 1978 to 1982 is shown in figure 21. The
areas of additional pumping can be determined by comparing figure 21 with
figure 9, the distribution of 1971-t0-1972 average annual pumpage.

The decline in unit 3 from 1978 through 1982 (fig. 22) caused by the
combined annual pumpage of about 27,500 acre-feet from unit 3 and 4,500 acre-
feet from unit 2 is over 100 feet in and near the area of new pumping. The
calculated annual rate of decline in units 2 and 3 from 1978 through 1982 is
about 1 to 6 feet and 4 to 20 feet, respectively. Figure 23 shows the
hydrographs from 1978 through 1982 at selected modes. The accelerated
declines starting in January 1978, especially at node (10, 9, 3), are readily
apparent.

percent should be treated only as a general guide in evaluating the hydrologic
effects, because such an increase could well chdange the recharge-discharge
relation under which the model was calibrated. |A comparison of table 4 with
table 5, the water budget for 1982 in this projection, gives an indication of
such model limitations. Increasing pumpage by 12,400 acre-feet per year has
increased the projected downward leakage to unit 2 from 6,750 acre-feet to
14,350 acre-feet during 1982. This doubling of downward leakage, however, may
not be hydrologically possible under natural comditions. In addition,
underflow into and out of the area has been held constant at steady-state
rates for predictive purposes; future stresses ¢ould result in raising or
lowering these rates.
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FIGURE 21.--Hypothetical pumping distribution, increasing 1971-72 average
pumping by 12,400 acre-feet.
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EXPLANATION
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Line of equal head decline.
Interval variable, in feet.
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FIGURE 22.--Projected head decline from 1978 through 1982 in units 2, 3, and 4,
using 1971-72 average annual pumpage plus 12,400 acre-feet per year.
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FIGURE 23.--Projected drawdown from 1973 through 1982 at selected nodes,
using 1971-72 average annual pumpage plus 12,400 acre-feet
per year from 1978 through 1982.

TABLE 5.--Projected water budget for units 2, 3, and 4 for 1982,
using 1971 to 1972 average annual pumpage plus 12,400
acre-feet per year from 1978 through 1982

(acre-feet per year)

Item Unit 2 Unit 3 Unit 4

Inflow

Vertical recharge 28,900 @ -----  ee---

Lateral underflow 2,800 1,600  -----

Leakage from overlying unit 14,350 34,600 3,350

TOTAL 46,050 36,200 3,350
Ou ow

Lateral underflow 10,000 8,000 4,000

Leakage to underlying unit 34,600 3,350 -----

Pumpage 4,500 27,500  -----

TOTAL 49,100 38,850 4,000

Change in storage -3,050 -2,650 -650
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SUMMARY

been constructed and

r system. Four aquifer units

ung valley £111; (2) confined

basalt; and (4) deep basalt.

ter levels in unit 1 were held
mulated between units 1 and 2.

A finite-difference ground-water model ha
calibrated for the Toppenish Creek basin aquif
are recognized in the basin: (1) unconfined y
old valley fi111 and shallow basalt; (3) primar
The modeled units include units 2, 3, and 4; w
constant with time, but vertical leakage was s

The ranges in calibrﬁted transmissivities
less than 0.01 to 0.&0 ft” /s, from less than 0
than 0.01 to 0.48 ft"/s, respectively. Smalle
the northern, western, and southern boundaries
simulate less permeable material and (or) less
addition, lower transmissivities were used in
to simulate the reduced transmissivity due to
barrier.

for units 2, 3, and 4 were from
01 to 0.20 ft" /s and from less
transmissivities were used on
of units 2, 3, and 4 to
saturated thickness. 1In

he west-central part of unit 2

n inferred ground-water

Calibrated storage coefficients for units
0.006, 0.002, and 0.0004, respectively. The ¢
ungfa 1 and 2, 2 EYS 3, and 3 and 4 vere 0.1 x
10 to 0.8 x 10 , and to 0.2 x 10 to 0.
respectively.

2, 3, and 4 were 0.002 to
11§i8ted 1eakance~fsrms between
10 -f8 2.5 x 10 , 0.05 x

x 10 (ft/s)/ft,

fonal finite-difference
eady-state analysis (1954

to 1972). Aquifer parameters
d and computed heads.

The computer model used was a three-dimen
program. The calibration process involved a s
conditions) and transient-state analysis (1955
were varied to allow better matching of measur

e from unit 3 was less than 500
8,900 acre-feet per year

n and primarily in the western
year entered the aquifer
harge under steady-state

basin to the east.

Under steady-state conditions, when pumpa
acre-feet per year, natural recharge of about
Infiltrated to unit 2, mostly from precipitati
part of the basin. Another 4,400 acre-feet pe
system as underflow from adjacent basins. Dis
conditions was by means of underflow out of th

The transient-state calibration period wa
pumpage from unit 3 increased about tenfold.
1971 to 1972 was about 15,100 acre-feet from u
unit 2. The simulated decline in unit 3 from
intense pumpage, was as great as 60 feet in th

1955 to 1972, over which time
e average annual pumpage in

it 3 and 4,500 acre-feet from
960 to 1970, the period of most
middle part of the basin.

t future water levels due to
discharge relations found
projection was made for 1973 to

The calibrated model can be used to predi
arbitrary pumping rates, assuming the recharge
during calibration persist in the future. One
1982 by using the 1971 to 1972 average annual pumpage. The predicted annual
declines from 1973 to 1977 in the center of the basin were 0.1 to 1.5 feet in
unit 2 and 0.2 to 1.5 feet in unit 3. The anntial declines from 1978 to 1982
were 0.1 to 1.2 feet in unit 2 and 0.2 to 0.8 foot in unit 3.
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Another projection was made by using 1971-to-1972 average annual pumpage
plus an additional 12,400 acre-feet pumped from unit 3 from 1978 through 1982.
The simulated annual decline from 1978 to 1982 was 1 to 6 feet in unit 2 and 4
to 20 feet in unit 3. These results should be considered as only general
because of the large increase in pumpage compared to that used in calibration.

The digital model of the Toppenish Creek basin aquifer system 1s a

simplification of a complex flow system, but it can be used to give
generalized indications of the effects of proposed management alternatives.
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